Mobilization of hematopoietic stem cells (HSCs) from the bone marrow to the peripheral blood is a complex mechanism that involves adhesive and chemotactic interactions of HSCs as well as their bone marrow microenvironment. In addition to a number of nongenetic factors, genetic susceptibilities also contribute to the mobilization outcome. Identification of genetic factors associated with HSC yield is important to better understand the mechanism behind HSC mobilization. In the present study, we enrolled 148 Korean participants (56 healthy donors and 92 patients) undergoing HSC mobilization for allogeneic or autologous HSC transplantation. Among a total of 53 polymorphisms in 33 candidate genes, one polymorphism (rs11264422) in relaxin/insulin-like family peptide receptor 4 (RXFP4) gene was significantly associated with a higher HSC yield after mobilization in Koreans. However, in a set of 101 Europeans, no association was found between circulating CD34+ cell counts and rs11264422 genotype. Therefore, we suggest that the ethnic differences in subjects' genetic background may be related to HSC mobilization. In conclusion, the relaxin -relaxin receptor axis may play an important role in HSC mobilization. We believe that the results of the current study could provide new insights for therapies that use relaxin and HSC populations, as well as a better understanding of HSC regulation and mobilization at the molecular level.
Introduction
Hematopoietic stem cell (HSC) mobilization is a complex process that involves chemotactic factors, proteases, and adhesive molecules in bone marrow (BM) niches [1] [2] [3] . There is wide inter-individual variability in response to mobilization, and the outcome is hardly predictable PLOS ONE | https://doi.org/10.1371/journal.pone.0179986 June 30, 2017 1 / 14 a1111111111 a1111111111 a1111111111 a1111111111 a1111111111 despite several known demographic or clinical risk factors such as the following: age, sex, body mass index (BMI), ethnicity, diagnosis, and extent and duration of prior chemotherapy [4] [5] [6] [7] [8] .
Inter-individual variation of HSC mobilization yield can be explained by a multifactorial model consisting of environmental and multiple genetic factors. Genetic contribution to mobilizing capacity is further supported by the fact that the second mobilization in the same donor typically yields similar results to those from the first mobilization [9, 10] . Previous studies have reported genetic associations between single nucleotide polymorphisms (SNPs) and HSC mobilization yield [11] [12] [13] [14] [15] . Most of these SNPs are located in gene encoding molecules with known functional significance in the mobilization pathway, including C-X-C motif chemokine ligand 12 (CXCL12), vascular cell adhesion molecule 1 (VCAM1), CD44 (CD44), and colony stimulating factor 3 receptor (CSF3R) [11] [12] [13] [14] [15] . However, some of the results were not replicated in subsequent studies [11, 16, 17] , and the responsible gene remains elusive.
Recent genome-wide association studies have shown that various hematologic traits of white blood cells (WBC), red blood cells, platelets, and CD34+ cells are highly heritable [18, 19] . Previous studies have also indicated that each WBC subtype shares some associations which are probably attributable to shared process of differentiation and maintenance in BM and peripheral blood (PB) [18, 20] . Therefore, we hypothesized that genetic factors associated with WBC count, neutrophil count, and circulating CD34+ cell count could also contribute to the regulation and migration of HSCs in BM niches and in PB.
The aim of this study was to identify genetic factors associated with HSC collection yield after mobilization in Korean population. We also attempted to determine whether our finding could be applied to other ethnic group of European ancestry.
Methods

Participants
A total of 148 Korean subjects, including 56 healthy donors for allogeneic HSC transplantation and 92 patients with hematologic disorders for autologous HSC transplantation, were prospectively recruited for this study. The European set was recruited to confirm the applicability of our findings, and consisted of 101 healthy donors of European ancestry from Germany. This study was approved by the institutional review board (IRB) of the Severance Hospital, Yonsei University College of Medicine (IRB No. 4-2013-0145). Written informed consent was obtained from all participants, in accordance with the Declaration of Helsinki.
Mobilization and HSC collection
For healthy donors, standard mobilization protocol was used with G-CSF (filgrastim 10 μg/kg daily), and collection was initiated on the fifth day after G-CSF initiation. Mobilization for patients undergoing autologous HSC transplantation was performed using G-CSF only or chemotherapy followed by G-CSF. Apheresis started when the PB leukocyte count reached 3.0 x 10 9 /L after leukocyte nadir, in the case of combination with chemotherapy. Peak circulating CD34+ cell count (/μL), collected just before apheresis, was assessed using a Stem-Kit (Beckman Coulter, Miami, FL, USA) for the Korean set and with a BD Stem Cell Enumeration kit (BD Biosciences, San Jose, CA, USA) for the European set. The CD34+ cell content in the first apheresis product was enumerated in 122 participants in the Korean set, and two additional outcomes were evaluated: total CD34+ cell count per donor body weight (/kg) obtained from the first apheresis; and CD34+ cell count (/μL) from the first apheresis product.
Selection of target polymorphisms in candidate genes
To determine whether previously reported genetic associations with HSC yield might be applied to Koreans, we selected four common polymorphisms (rs1801157, rs1041163, rs13347, and rs3917924) in the following four genes: CXCL12, VCAM1, CD44, and CSF3R [11] [12] [13] [14] [15] [16] [17] . One polymorphism (rs2680880) in CXCR4 was not included, as it was not found in East Asians (http://www.1000genomes.org/) [12] . To identify more candidate genes, we searched the literature for SNPs that are associated with WBC, neutrophil, or CD34+ cell counts [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] (Fig  1) . Among the 64 additional SNPs, 15 with East Asian minor allele frequency of less than 0.05 were removed. Candidate genes were adopted from the literature or selected based on the functional relatedness to mobilization mechanism, such as cytokines, chemokines, proteases, and adhesion molecules (http://www.uniprot.org/) [2, 3] . In total, 53 SNPs were selected for genotyping (Table 1) .
SNP genotyping
Genomic DNA was extracted from PB leukocytes using the QIAamp DNA Blood Mini Kit (Qiagen, Venlo, The Netherlands). The primer sequences for polymerase chain reaction (PCR) amplification and sequencing were designed using Primer3 software [29] . PCR was performed on 100 ng of genomic DNA, and sequencing was carried out using the BrightDye Terminator Cycle Sequencing Kit (Nimagen, Nijmegen, The Netherlands) on ABI 3500 Genetic Analyzer (Applied Biosystems, Foster City, CA, USA). The results were compared with reference sequences using Sequencher 5.1 software (Gene Codes Corp., Ann Arbor, MI, USA). Quality of data was assessed using PHRED score for each base call [30] . The threshold for PHRED score was 20, based on the manufacturer's instructions. In case of result with inadequate quality, sequencing was repeated and all genotype of tested locus were determined (no missing genotype data).
Statistical analysis
Following the Kolmogorov-Smirnov normality test, natural log transformation was applied on continuous outcome variables with skewed distribution for analysis. The association between continuous variables (age and BMI) and mobilization outcomes (CD34+ cell count in PB, total CD34+ cells/kg, and CD34+ cells in a product) were analyzed using Pearson correlation. The association between categorical variables (sex, diagnosis, BM involvement of disease, chemotherapy regimen history, mobilization protocol, and SNP genotype), and mobilization outcomes were analyzed using an independent two-sample t-test (for two categories) and analysis of variance (for three categories). Three subgroups were established for the genotype of each polymorphism: homozygous for the major allele, heterozygous and homozygous for the minor allele. We also tested three genetic models (dominant, recessive, and additive) using biallelic marker coding. SNPs with a raw P < 0.05 in analysis with all three mobilization outcomes were included in multivariate linear regression analysis. Additional variables related to patient demographics or clinical history with P < 0.05 shown in univariate analysis were included in multivariate analysis. Finally, the following variables were included in multivariate analysis according to each mobilization outcome: 1) CD34+ cell count in PB: sex, diagnosis, chemotherapy regimen history, and rs11264422 (RXFP4) genotype; 2) total CD34+ cells/kg: sex and RXFP4 genotype; and 3) CD34+ cell count in a product: sex, BMI, diagnosis, and RXFP4 genotype. False discovery rate (FDR) controlling procedure was used to adjust for multiple testing according to the genetic model [31] . P values < 0.05 were considered significant, and P values < 0.2 after FDR adjustment were considered to have a tendency [32] . Statistical analysis was performed using SPSS Statistics version 23.0.0 (IBM Corp., Armonk, NY, USA). 
Results
Patient characteristics
Patient characteristics are summarized in Table 2 . The group consisted of individuals who were diagnosed with acute leukemia (n = 8), non-Hodgkin lymphoma (n = 50), multiple myeloma (n = 33), and sarcoma (n = 1). On the first day of apheresis, the median circulating CD34 + count was 44 cells/μL in the Korean set and 93 cells/μL in the European set (healthy donors only for the latter).
Relaxin/insulin-like family peptide receptor 4
Of the 53 SNPs, only one polymorphism (rs11264422) made a significant difference in the three HSC mobilization outcomes of the Korean set ( Table 3) . The rs11264422 genotype, located 3 kb upstream of the relaxin/insulin-like family peptide receptor 4 (RXFP4) gene, was significantly associated with circulating CD34+ cells/μL (raw P = 0.03), total CD34+ cells/kg (raw P = 0.008), and product CD34+ cells/μL (raw P = 0.003) (Fig 2) . Three patients (two with lymphoma and one with multiple myeloma) who were homozygous for a minor allele (AA genotype) showed remarkably higher mobilization outcomes compared to both the 25 patients who were heterozygous (TA genotype) and the 120 who were homozygous (TT genotype) for the major allele. Moreover, the presence of A allele (TA+AA genotypes) showed significant association with higher CD34+ cells/μL in a product (raw P = 0.02). Superior mobilizers (defined as > 200 circulating CD34+ cells/μL) had the highest frequency (66.7%) of the AA genotype, followed by TA (12.0%) and TT (5.8%) genotypes (Fig 3) . In contrast, poor mobilizers (defined as < 20 circulating CD34+ cells/μL) had a higher frequency of the TT (25.0%) than TA (12.0%) genotype. However, for rs11264422 genotyping using the European set, the circulating CD34+ cell count did not differ between each genotype subgroup. SNP was at Hardy-Weinberg equilibrium in both Korean and European sets. 
Univariate and multivariate analyses of host factors and mobilization outcomes
In univariate analysis, the circulating CD34+ cell count after mobilization was associated with sex, diagnosis, history of multiple chemotherapy regimens, and RXFP4 genotype in the Korean population (Table 4 ). In the European set, only a low BMI showed significant correlation with a low circulating CD34+ cell count (P < 0.001). In the Korean set, the total CD34+ cell count/ kg was associated with sex and RXFP4 genotype, while the CD34+ cell count in a product was associated with sex, BMI, diagnosis, and RXFP4 genotype. Multivariate linear regression analysis revealed that female sex, diagnosis of acute leukemia, history of multiple chemotherapy regimens, and RXFP4 genotype (TT and TA) remained independently associated with lower circulating CD34+ cell count after mobilization in the Korean set (Table 5 ). Female sex and RXFP4 genotype (TT and TA) showed consistent significance when analyzed with other outcome variables, i.e., total CD34+ cell count/kg and CD34 + cell count in a product. 
Discussion
In this study, we found that rs11264422 genotype, located in the promoter flanking region of RXFP4, has a significant effect on HSC mobilization. The RXFP4 gene encodes relaxin-3 receptor 2, which is a receptor for relaxin-3 and is expressed in various tissues including BM [33] . Relaxin-3 is a member of the insulin/relaxin superfamily of peptide hormones [34] . Segal et al. revealed that the relaxin hormone mobilizes BM-derived CD34+ endothelial progenitor cells into circulation, and their effect is mediated by the relaxin receptor [35] . The role of relaxin and its receptor-mediated pathway in HSC mobilization, as well as their association with the inter-individual variation of mobilization yield, can be hypothesized based on such observation. The FDR-adjusted P-values for rs11264422 were above the significance threshold (P = 0.05). However, we considered P < 0.2 after FDR adjustment as having a tendency for association. Given that the sample size was inadequate compared with the number of genes, we sought to find a possible exploratory factor. We determined three different mobilization outcomes and found consistent genes in all three. We then decided that the P-value of rs11264422 showed a meaningful trend, and wanted to suggest a further study. Therefore, we would like to conduct a confirmatory study using a larger number of patients.
The rs11264422 polymorphism has been associated with lower WBC counts in individuals of African, but not European, ancestry [28] . In our study, rs11264422 genotype was associated with HSC yield in Koreans but not in Europeans. Interestingly, the frequency of AA homozygote genotype is low in East Asians (1-4% in Japanese and Chinese) and Africans (0.2%), but distinctly higher in Europeans (43%). Moreover, in a previous randomized controlled trial in Japan, a higher baseline WBC count was associated with a lower incidence of poor mobilization [36] . Therefore, we infer that the mechanism involved in HSC mobilization differs by ethnic groups, and rs11264422 genotype is associated with the HSC mobilization yield as well as the baseline WBC count in certain populations. Moreover, associations between the four polymorphisms in CXCL12, VCAM1, CD44, and CSF3R and mobilization outcome were not replicated in our study. Previous studies have already noted discrepancies in genetic associations, which were likely attributed to differences in ethnicity, diagnosis, number of study participants, and definition of outcome [13] [14] [15] [16] [17] . In particular, most of the previous studies had targeted those of European ancestry, whereas our study is the first to target the East Asian population. Therefore, our results suggest that there are significant differences in molecular mechanisms underlying HSC mobilization between different ethnic groups. Our preliminary data warrant further validation with larger cohorts of various population subgroups.
The therapeutic effect of circulating CD34+ cells has been demonstrated in hematologic disorders and cardiovascular diseases [37, 38] . In this context, the promotion of vasculogenesis is thought to be a mechanism for efficacy of CD34+ progenitor cells [19] . Notably, serelaxin, which is a recombinant human relaxin-2, has demonstrated significant treatment effects on acute heart failure in a recent clinical trial [39] . The potential mechanisms behind beneficial effects of serelaxin in acute heart failure include vasodilation, tissue healing from stimulation of angiogenesis and stem cell survival, and remodeling of the extracellular matrix [40] . Furthermore, a recent experimental study demonstrated that relaxin improves wound healing in [41] . In that study, the wound-healing effect of relaxin was disturbed by antibodies against vascular endothelial growth factor, CXCR4, and CXCR12 [41] . Our data support previous assumptions about the effects of relaxin on vasculogenic capacity and stem cell/progenitor cell regulation, and suggest a broader applicability of relaxin to other vascular disorders such as diabetes mellitus. In addition, our data also suggest that relaxin is a novel agent for the management of poor mobilizers. Among host risk factors, female sex, history of multiple chemotherapy regimens, and diagnosis of acute leukemia remained independently associated with low circulating CD34+ cell counts in Koreans. Female sex [4, 42] , prior treatment history [1] , and diagnosis of acute leukemia [43] have all been known to be independent risk factors for poor mobilization. The mechanism behind association of sex and better mobilization potential can be explained by the stem cell regulation effect of sex steroids [44] . The contribution of an underlying hematologic disease on HSC mobilization can be explained by disease-related reduction of HSC reservoir, or chemotherapy-induced toxic effects on BM [43] . In the European set, only BMI correlated with circulating CD34+ cell counts. The mechanism behind association between higher BMI and better mobilization potential has been attributed to the effect of adipose tissue-containing HSCs, or a simple dose effect of G-CSF [8] .
To the best of our knowledge, this is the first study to indicate an association between relaxin receptor polymorphism and HSC yield after mobilization. A potential limitation of our study is that the discovered locus is located in the regulatory region of RXFP4, and not in the protein-coding region. Further investigation regarding the functional effect of relaxin-3, as well as its receptor axis on the mobilization process, are required.
In conclusion, we found a novel association between relaxin receptor polymorphism and HSC yield after mobilization in ethnic Koreans. Our findings suggest an important functional role of relaxin axis during response of BM HSCs to the mobilizing agent. Results of our study give valuable insight to a potential therapeutic target-the relaxin-relaxin receptor axis-for the management of poor mobilizers, and for the treatment of various vascular diseases.
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